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Abstract We have studied the dynamic proton spectra for the two solar energetic particle
(SEP) events on 2000 July 14 (hereafter GLE59) and 2005 January 20 (hereafter GLE69).
The source locations of GLE59 and GLE69 are N22W07 and N12W58 respectively. Proton
fluxes >30 MeV have been used to compute the dynamic spectral indices of the two SEP
events. The results show that spectral indices of the two SEP events increased more swiftly
at early times, suggesting that the proton fluxes >30 MeV might be accelerated particularly
by the concurrent flares at early times for the two SEP events. For the GLE69 with source
location at N12W58, both flare site and shock nose are well connected with the Earth at the
earliest time. However, only the particles accelerated by the shock driven by eastern flank of
the CME can propagate along the interplanetarymagnetic field line to the Earth after the flare.
For the GLE59 with source location at N22W07, only the particles accelerated by the shock
driven by western flank of the associated CME can reach the Earth after the flare. Results
show that there was slightly more than one hour during which the proton spectra for GLE69
are softer than that for GLE59 after the flares, suggesting that the shock driven by eastern
flank of the CME associated with GLE69 is weaker than the shock driven by the western
flank of the CME associated with GLE59. The results support that quasi-perpendicular shock
has stronger potential in accelerating particles than the quasi-parallel shock. The results also
suggest that only a small part of the shock driven by western flank of the CME associated
with the GLE59 is quasi-perpendicular.
Key words: Sun: flares — Sun: coronal mass ejections (CMEs) — Sun: particle emission
— Sun: solar-terrestrial relations
1 INTRODUCTION
Large gradual solar energetic particle (SEP) events are often accompanied by both flare and fast coronal
mass ejection (CME). Both the flare and CME-driven shock may contribute to the productions of SEPs.
2 M.-X. Zhao & G.-M. Le
However, whether a gradual flare can accelerate protons to high energy and even to relativistic energy is
still an open question. For example, Reames (1999) suggested that only CME-driven shock can accelerate
protons to high energy in large gradual SEP events. However, some researchers argued that flares may
dominate in the acceleration of particles at the early phase of large gradual SEP events (e.g., Cane et al.
2003). When relativistic solar protons (RSPs) reach the atmosphere of the Earth, the interaction between
the RSPs and the particles of the Earth’s atmosphere causes the atmospheric cascade.
At times only a small fraction of the RSPs accelerated to the energy of ≥1 GeV generates cascades
in the atmosphere sufficiently (see Mewaldt et al. 2012; Wu & Qin 2018; Firoz et al. 2019b). Such RSPs
are termed as ground level enhancements (GLEs) registered by neutron monitors on the Earth. Firoz et
al. (2010) proposed that a conjunction between CME-driven interplanetary shock and flare may produce
GLE, suggesting that the CME alone presumably does not cause GLE. Many case studies show that RSPs
including the two large SEP events associated with GLE59 and GLE69may be accelerated by the concurrent
flares (e.g., Firoz et al. 2011, 2012; Grechnev et al. 2008; Klein et al. 2001, 2014; Le et al. 2006; Le & Zhang
2017; Li et al. 2007; McCracken et al. 2008; Masson & Klein 2009; Simnett 2006, 2007).
CME-driven shock is naturally a large scale structure, so the particles accelerated by CME-driven shock
can be observed in much wider helio-longitudinal area. However, shock strength varies along the shock
surface. The shock appears stronger usually at the nose and declines on the flanks of the CMEs. In general,
the shock on the eastern flank is quasi-parallel while the shock in the western flank is quasi-perpendicular
(Reames 1999; Kallenrode 2001; Kahler 2016). The position on the shock surface connected with the Earth
depends on the longitude of the location of CME-driven shock relative to the Earth, and the position changes
as the CME moves away from the Sun and propagates in interplanetary space. Here, we give a diagram to
illustrate the changes of the positions on the shock surface that connect with the Earth as the CME moves
from the Sun, which is shown in Figure 1. The Figure 1 shows that the points A and B, indicating the shock
noses, connect the Earth differently. The shock nose marked by the A connects with the Earth at the earliest
time, whereas, sometimes later, the shock nose marked by the B located on the eastern flank of the shock
surface connects with Earth.
It is yet to be understood about which shock, quasi-perpendicular or quasi-parallel, has stronger po-
tential in accelerating particles. Based on the simulation processes, several researchers opined that the
quasi-parallel shock driven by the eastern flank of a CME has stronger potential in accelerating particles
than quasi-perpendicular shock driven by western flank of a CME (e.g. Li et al. 2003, 2005; Zank et al.
2006). Some other researchers argued that quasi-perpendicular shock driven by western flank of a CME has
stronger potential in accelerating particles than quasi-parallel shock driven by eastern flank of a CME (e.g.
Jokipii 1987; Qin et al. 2018).
The intensity-time profile of a SEP event depends on the longitude of the source location of SEP event
relative to the observer and the interplanetary shock driven by associated CME (Cane et al. 1988). For
Geostationary Operational Environmental Satellites (GOES; e.g., Aschwanden & Freeland 2012) that ob-
served the proton fluxes used in this study, the intensity-time profile of an SEP event not only depends on the
concurrent solar acceleration processes (flare; CME) and the longitude of the source location of SEP event
relative to GOES, but also depends on location of interplanetary shock relative to GOES and the intensity
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Fig. 1: The two positions on the shock surface connect with the Earth at two different moments
of interplanetary shock. Figure 1 shows the variation of the points on the shock surface connected with the
Earth. Because shock intensity at different points on shock surface is different, hence the energy spectral
index of particles observed by GOES should change continuously as CME moves away from the Sun and
propagates in interplanetary space.
To investigate possible source for the earliest particles accelerated by associated solar flares and check
whether perpendicular shock is more effective in accelerating protons than parallel shock, dynamic energy
spectral indices of protons for GLE59 and GLE69 are to be computed and compared in this study. The
energy spectral indices of double power law for SEP events associated with GLE59 and GLE69 have been
determined by a few researchers (Mewaldt et al. 2012; Wu & Qin 2018). However, the double power law
is the event integrated differential spectra, which cannot reflect the variation of the energy spectral index
with time. This article is arranged as follows. Data analysis is presented in section 2. Discussion is given in
section 3. Summary and conclusion are noted in the final section.
2 DATA ANALYSIS
2.1 Observations
2.1.1 GLE59 on 2000 July 14
Solar active region(SAR) 9077, which is located at N22W07, produced a X5.7 flare. The flare started at
10:03 UT and peaked at 10:24 UT on 2000 July 14 and then a CME associated with the flare firstly entered
Solar and Heliospheric Observatory (SOHO)/Large Angle and Spectrometric Coronagraph (LASCO)-C2
field of view (2.2-6 Rs) at 10:54 UT. The projected speed of the CME was 1674 km/s (https://cdaw.
gsfc.nasa.gov/CME_list/; e.g., Yashiro et al. 2004). A large gradual SEP event accompanied with
the flare and CME was observed by ACE and GOES 8, which is shown in Figure 2.
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Fig. 2: Fluxes of solar soft X-rays and proton particles with different energies during 13-18, July 2000. The upper panel shows the flux of soft X-ray in 1-8 A˚ observed by GOES.
The lower panel shows ACE EPAM/LEMS120 (Gold et al. 1998) ion fluxes with energy (P1)0.047-0.068 MeV, (P2)0.068-0.115 MeV, (P3)0.115-0.195 MeV, (P4)0.195-0.321
MeV, (P5)0.310-0.580MeV, (P6)0.587-1.060MeV, (P7)1.060-1.900MeV and (P8)1.900-4.800MeV. GOES EPS corrected proton flux with energy (P1)0.6-4.0 MeV, (P2)4.0-9.0
MeV, (P3)9.0-15.0 MeV, (P4)15.0-44.0 MeV, (P5)40.0-80.0, (P6)80.0-165.0 and (P7)165.0-500.0MeV. GOES HEPAD proton flux with energy (P8)350.0-420MeV, (P9)420-510
MeV, (P10)510-700MeV, and (P11)>700 MeV. All data are of 5 min resolution.
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Fig. 3: Fluxes of solar soft X-rays and proton particles with different energies during 20-24, January 2005.
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2.1.2 GLE69 on 2005 January 20
SAR 10720 located at N12W58 produced a X7.1 flare. The flare started at 06:36 UT and peaked at 07:01 UT
on 2005 January 20. A CME associated with the flare with a projected speed 882 km/s was first observed by
SOHO/LASCO C2 at 06:54 UT on 2005 January 20(https://cdaw.gsfc.nasa.gov/CME_list/;
e.g., Yashiro et al. 2004). A large gradual SEP event accompanied with the flare and CME was observed by
ACE and GOES 11, which is shown in Figure 3.
2.2 Comparison between proton fluxes>100 MeV for two SEP events
The fluxes of protons with different energies usually increase swiftly after the eruptions of the associated
flares and CMEs. The flux of energy (E)>100 MeV proton usually reached its peak flux no longer after
the eruptions of the associated flare and CME, suggesting that the strongest acceleration for E>100 MeV
proton takes place in the Sun or in the interplanetary space near the Sun. The fluxes of E>100 MeV protons
for GLE59 and GLE69 are shown in Figure 4. It is seen that the flux of E>100 MeV proton of the GLE69
event reached its peak flux faster than that of GLE59. The peak fluxes of E>100 MeV protons of the
GLE69 and GLE59 events are 698 pfu and 408 pfu, respectively (Le et al. 2016, 2017). [1 proton flux unit
(pfu)=cm−2sr−1s−1].
It is evident that peak flux of E>100 MeV proton of the GLE69 is much stronger than that of the
GLE59. However, the flux of E>100 MeV proton of the GLE69 decayed much faster than that of the
GLE59 after their peak fluxes. The source location of the GLE69 is N12W58, which is well connected
with the Earth, because the location is far away from the solar center (Swalwell 2017). However, the source
location N22W07 of GLE59 is not well connected with the Earth, because the location is close to the solar
center. This may be the reason why the flux of E>100 MeV of the GLE69 reached its peak flux faster than
that of the GLE59.
The shock nose driven by the GLE69-associated CME is well connected with the Earth at the earliest
time, and then the eastern flank of the shock is connected with the Earth and the shock intensity declined
gradually as the CME moved away from the Sun. On the contrary, the particles accelerated by the western
flank of the shock associated with the GLE59 can reach the Earth and the shock intensity also changed
continuously as the CME moves away from the Sun. One can understand from Figure 4 that the flux of
E>100 MeV proton of the GLE59 is stronger than that of the GLE69 no longer after their peak fluxes,
suggesting that the intensity of the western flank shock associated with the GLE59 may be stronger than
that of eastern flank shock associated with the GLE69.
2.3 Comparison of the dynamic energy spectral indices of the two SEP events
2.3.1 Method
Double power laws were used to study the energy spectra of GLEs that occurred during solar cycle 23. The
results showed that the breaking energies for GLE59 and GLE69 are 24.2 MeV and 8.18 MeV respectively
(Mewaldt et al. 2012). The breaking energies for both GLEs are lower than 30 MeV. Hence, E>30 MeV
protons observed by GOES are used to calculate the dynamic energy spectral indices for the two SEP event.
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Fig. 4: Comparison between fluxes of E>100 MeV protons of two major SEP events
f(E) ∝ E−γ2 is used to calculate the dynamic spectral index of the two SEP events. Time resolution of
protons observed by GOESs is 5-minutes. The SEP data observed by GOES 8 and GOES 11 are used to
calculate the dynamic energy spectral indices for GLE59 and GLE69 respectively. The start times of two
flares are all toggled to zero time. 7 differential channels (channels from P5 to P11, energy ranging from
40 to >700 MeV), and 4 integral channels (>30, >50, >60, and >100 MeV, described in Mewaldt et al.
2005) observed by GOES are used to calculate energy spectral indices.
2.3.2 Results
The dynamic spectral indices calculated for the GLE59 and GLE69 are shown in Figure 5, which exposes
that the spectral indices for the two GLEs increased faster and reached peak value promptly. The decay
phases of the spectral indices for the two events differ a lot. The decay phase of the spectral index for
GLE69 declines much more promptly than that for the GLE59. In fact, the decay phase of the spectral
index for GLE59 declines abruptly. In this regard, Firoz et al. (2019a) observed that the GLE69-associated
DH-type II burst ended about 112 min earlier than the flare, implying that the CME shock did not operate
over the decay phase of the GLE69 particle event, whereas CME shock operated over the decay phase of
the GLE59 particle event.
As mentioned in the earlier (Figure 1), the source location for GLE69 is well connected with the Earth
that the particles accelerated by the flare and latter reached the CME shock nose can directly propagate
to the Earth along the interplanetary magnetic field line at the earliest time. However, only the particles
accelerated by eastern flank shock can reached the Earth. For GLE59, only the particles accelerated by
western flank shock can reach the Earth. We can also see from Figure 5 that there was slightly more than
1 hour during which the energy spectral index for GLE59 is higher than that for GLE69, suggesting that
western flank shock associated with GLE59 is stronger than eastern flank shock associated with GLE69
during this period. The shock on the eastern flank is quasi-parallel shock, while the shock in the western
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Fig. 5: Dynamic energy spectral indices for the two SEP events. The upper and lower panels indicate the
flux of solar X-ray in 1-8 A˚ and dynamic energy spectral indices of the two SEP events respectively. The
vertical dashed line indicates the peak time of X7.1 that occurred on 2005 January 20
flank is quasi-perpendicular shock (Reames 1999). In this context, quasi-perpendicular shock is stronger
than quasi-parallel shock.
3 DISCUSSION
The energy spectral indices for GLE69 increased quickly and then reached its peak value at 06:50 UT
on 2005 January 20. It is evident that the hardest proton spectrum occurred during the rising phase of the
associated flare. Higher energy protons have closer association with the associated flare, while lower energy
protons have closer association with associated CME-driven shock (Le & Zhang 2017). In this context, the
phenomenon that spectral index increased quickly at early times indicates that E>30 MeV protons in the
two GLEs should be mainly accelerated by the concurrent flares.
The flux of E>100 MeV proton for GLE69 reached its peak flux faster than that for GLE59. The peak
flux of E>100MeV proton for GLE69 is much stronger than that for GLE59. The proton spectra for GLE69
is harder than that for GLE59 at early times (Figure 5), suggesting that solar eruptions associated with
GLE69 have stronger potential to accelerate protons to E>100 MeV than that associated with GLE59 at
early times. Gopalswamy et al. (2005) proposed that the speed of the CME associated with GLE69 is 3242
km/s, which is much faster than the CME projected speed 882 km/s. If the speed of the CME associated
with GLE69 is really 3242 km/s or even close to this value, the E>30 MeV protons may be accelerated by
both concurrent flare and CME-driven shock at early times. However, E>30 MeV protons may still mainly
be accelerated by concurrent flare at early times because proton spectrum became harder at early times.
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Figure 5 shows that there was only slightly more than 1 hour during which the energy spectral index for
GLE59 is higher than that for GLE69, suggesting that quasi-perpendicular shock associated with GLE59 is
stronger than quasi-parallel shock associated with GLE69, which is consistent with the simulation results
obtained by Qin et al. (2018). To be noticed, only small part of the western flank shock associated with
GLE59 is quasi-perpendicular shock.
The results of the present study support the results obtained by Firoz et al. (2019) that GeV protons are
accelerated by concurrent flare. In this context, the result that GeV particles were accelerated by associated
flare obtained in the paper of Zhao et al. (2018) is reasonable. Now the question is for GLE59, how the
RSPs accelerated by the associated flare with source location at N22W07 propagated to the Earth? The
simulation of the results made by Zhang & Zhao (2017) showed that if the perpendicular diffusion is about
10% of what is derived from the random walk of field lines at the rate of supergranular diffusion, particles
injected at the compact solar flare site can spread to a wide range of longitude and latitude, very similar to
the behavior of particles injected at a large CME shock. The results of present study that E>30 MeV proton
may be mainly accelerated by concurrent flare associated with GLE59 at early times give an evidence that
particles accelerated by associated flare can spread to a wide range of longitude and latitude, very similar
to the behavior of particles injected at a large CME shock (Zhang & Zhao 2017).
4 SUMMARY AND CONCLUSION
We have analyzed solar proton fluxes of E>30 MeV and studied the spectral indices for the SEP events on
2000 July 14 (GLE59) and 2005 January 20 (GLE69). Important results are summarized as follows.
1. Solar acceleration processes during the GLE69 event has stronger potential to accelerate the protons
to GeV energetics than those during the GLE59 event. E>30 MeV protons for both the GLE59 and GLE69
seemed to have been accelerated mainly by the flares at early times. Our analysis has been illustrated by the
simulation study of Zhang & Zhao (2017) that the particles injected from the flare site can spread to a wide
range of longitude and latitude, which is very similar to the behavior of particles injected at a large CME
shock.
The results of our study also support the viewpoints proposed by Firoz et al. (2019a) that the MeV
energetic protons are initiated over the flare initial phases and then accelerated to GeV energetic over the
flare prompt phases associated with the coronal shocks manifested in metric-type II burst.
2. The spectral index for GLE59 is higher than that for GLE69 for about 1 hour over the flare decay
phases where coronal shocks manifested in DH-type II bursts played much stronger roles for the GLE59
(e.g., see Firoz et al. 2019a,b). The results suggest that quasi-perpendicular shock associated with GLE59 is
stronger than quasi-parallel shock associated with GLE69, and only a small part of the western flank shock
associated with GLE59 is quasi-perpendicular shock.
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